Abstract-Measurements in phantoms are used to predict temperature changes that would occur in vivo for medical implants due to the radio frequency (RF) field in magnetic resonance imaging (MRI). In this study, the impact of concentration of the gelling agent in a saline-based phantom on the RF-induced temperature rise was measured using an apparatus that accurately reproduces the RF environment present in a 1.5-T whole-body MR system. The temperature was measured using fluoroptic thermometry at the electrode and other sites for a deep brain neurostimulation system. The average power deposition in the 30-kg phantom was about 1.5 W/kg. Four phantom formulations were evaluated, using different concentrations of polyacrylic acid (PAA) added to saline solution, with NaCl concentration adjusted to maintain an electrical conductivity near 0.24 S/m. The greatest temperature rises occurred at the electrode, ranging from 16.2 C for greatest concentration of PAA to 2.9 C for only saline solution. The temperature rise attained the maximal value for sufficient concentration of PAA. Similar behavior was observed in the temperature versus time relationship near a current-carrying resistor, immersed in gel and saline, which was used to model a localized heat source. The temperature rise for insufficient PAA concentration is reduced due to convection of phantom material. In conclusion, an appropriate gelling agent is required to accurately simulate the thermal properties of body tissues for measurements of RF-induced heating with medical implants.
I. INTRODUCTION

M
AGNETIC RESONANCE IMAGING (MRI) has revolutionized medical diagnosis in the last 20 years. While MRI is considered to be relatively safe, there are safety concerns related to the presence of metallic implants in patients undergoing examinations using this diagnostic modality [1] , especially because of the proliferation of MR systems using higher field strengths, stronger gradients, and greater levels of radio frequency energy. The types of biomedical devices that are implanted into patients and the number of implantations continue to grow. The radio frequency (RF) field in MRI is used to change the orientation of the nuclear magnetism and has a frequency of 42.56 MHz times the static field in Tesla. This field is perpendicular to the static field and is usually circularly polarized in an MR system with a cylindrical bore. Metallic implants will locally amplify the electric field induced by the RF magnetic field, resulting in additional tissue heating that may present hazards to patients [2] - [8] . The heating is generally localized and is most pronounced near the ends of elongated devices made from electrically conductive materials. Measurements with the implants in phantoms subjected to MRI-induced heating have been used to characterize the temperature changes that would occur in vivo. Different phantoms materials have been used for these measurements, including pure saline [3] and a combination of saline and gelling agent, with the intent of simulating an in vivo situation [2] . The gelling agent gives the phantom material a semi-solid composition. This is expected to prevent transport of phantom material that is locally heated by thermal convection. Use of liquid saline solution for the phantom will allow convective transport, resulting in a smaller measured temperature rise. For instance, Rezai et al. [2] reported a maximal temperature rise as great as 25.3 C at the electrodes used for a deep brain neurostimulation system (Medtronic, Minneapolis, MN) in measurements using a gelled phantom. On the other hand, Kainz et al. [3] reported a temperature rises no greater than 2.1 C for a similar electrode and similar MRI-induced heating conditions, but using a liquid saline phantom. The purpose of this investigation was to determine the effects of phantom viscosity on the MRI-induced temperature changes near the electrode of a lead used for neurostimulation. The temperature increase versus time of application of the RF magnetic field associated with MRI was measured for different concentrations of gelling agent in a saline solution. Basically, the experimental results establish that thermal transport is avoided if a sufficient amount of gelling agent is added to the saline solution, that is, if the phantom material is made sufficiently viscous. system (Signa, General Electric Medical Systems, Milwaukee, WI). Power was supplied to the coil with a Wavetek 3200 RF generator and an ENI 3200L RF power amplifier. The RF power to the coil was maintained at 50 W. A branch line coupler was used to produce the two quadrature RF waveforms, producing a circularly polarized magnetic field in the coil. The RF voltage was applied at 63.8 MHz, the resonant frequency of the coil at which the reflected power from the coil, which was measured using a directional coupler, was minimal. Fig. 2 shows the phantom container to simulate the human torso, which has been previously described. [2] A Model 7426 implantable pulse generator or IPG, a Model 7495 51-cm extension, and a Model 3387 40-cm lead were placed in the phantom at locations that simulated the intended clinical use of this device, with the generator at the left side of the chest and the electrode approximately located in the central part of the brain. The phantom container was filled with 30 l of phantom material and positioned with the IPG at the axial center of the coil.
II. MATERIALS AND METHODS
Temperature versus time was measured with a Luxtron 790 Fluoroptic Thermometer. Fig. 3 shows placement of the three 0.6 mm diameter Luxtron model SFF-10 probes in the vicinity of the end of the Model 3387 electrode assembly. The 3387 assembly includes four cylindrical platinum/iridium electrodes at its end, with outer diameter 1.27 mm, length 1.5 mm, and spacing of 1.5 mm. Temperature probe 1 was placed at the surface of the most distal of the electrodes (electrode 0). Probe 2 was placed 5 mm lateral of the electrode 0 and probe 3 was placed 5 mm above electrode 0. The expectation was that the greatest temperature rise would be recorded by probe 1 since it is nearest the electrode. The temperature changes at probes 2 and 3 were expected to be similar in the absence of thermal convection. If thermal convection does occur, a greater temperature increase is expected at probe 3. The fourth temperature probe was placed at the right side of the phantom, contralateral to the IPG. The temperature rise at this location was a measure of the background specific absorption (SAR).
For the experiments, phantom materials with different amounts of Polyacrylic Acid partial sodium salt (PAA, part 43 636-4 from Aldrich Chemical) and Sodium Chloride (NaCl) were used. The most viscous material composed of 8 g/l of PAA and 0.7 g/l of NaCl, which had a consistency resembling that of applesauce and a conductivity of 0.26 S/m. The second material was composed of 5.85 g/l of PAA and 0.8 g/l of NaCl and had a conductivity of 0.23 S/m. This was less viscous than material 1, but still semi-solid. The third material was composed of 3.90 g/l of PAA and 1.01 g/l of NaCl and had a conductivity of 0.22 S/m. This material had a semi-liquid consistency. The fourth material was 1.46 g/l saline solution, with no gelling agent added; the conductivity of this was 0.26 S/m. The compositions and properties of the phantom materials are summarized in Table I In supplemental experiments, a small resistor (20 , 1/8 W, 1.2 mm diameter and 4 mm length) was used to model a localized heat source. A current of 100 mA was passed through the resistor, resulting in a power dissipation of 200 mW. A Luxtron SFF-10 mm temperature probe was connected to the surface of the resistor and fiber optic probes were also placed at distances of 5 mm and 7 mm away from the resistor. The resistor was immersed in either saline solution with 1.7 g/l NaCl or gelled material with 8 g/l PAA and 0.8 g/l NaCl. For both of these ma- terials the conductivity is about 0.3 S/m, though the measured temperatures near the resistor are not expected to depend sensitively on the conductivity of the phantom material.
III. RESULTS
Results of the temperature versus time measurements with RF application are shown in Figs. 4-7 . Fig. 4 shows temperature rise versus time of RF application for material 1. The greatest temperature rise occurred at the surface of electrode 0. The temperature rise versus time t of RF application relation is manifested by a rapid initial increase followed by a more gradual rise that reaches about 16 C after 8 min of RF application. At locations 5 mm lateral and above the electrode, the temperature rises are 7.1 C and 6 C, respectively. The background temperature rise measured with probe 4 is 0.8 C, corresponding to an SAR at this location of 4.2 W/kg. The maximal power deposition was expected to occur at the edge of the phantom. The local SAR of 4.2 W/kg is thus consistent with the whole body average SAR of 1.67 W/kg, assuming that the entire 50 W of applied power was deposited in the phantom.
Temperature rise versus time for material 2 g/l PAA g/l NaCl are shown in Fig. 5 . The changes were similar to those in Fig. 4 for material 1. The temperature rise was 15.9 C at the electrode surface, and 6.3 C at both the lateral and above locations 5 mm away from the electrode. The background temperature rise was approximately 0.7 C. Fig. 6 shows temperature rise versus time for material 3 g/l PAA g/l NaCl . The temperature rise at the surface of the electrode was 12.3 C. The maximal temperature rise, after 800 s of RF application, was 7 C at the location 5 mm above the electrode and 3.8 C at 5 mm lateral electrode. The rise was 0.75 C at the background location. The greater temperature rise above the electrode than lateral of the electrode is presumably due to thermal transport of the phantom material. Evidence for transport of phantom material was demonstrated by somewhat correlated fluctuations in temperature at times between about 30 s and 120 s at the electrode surface and 5 mm above the surface. It is likely that heating of the phantom material near the electrode resulted in these observed changes. Fig. 7 shows temperature rise versus time for the saline phantom material. At the electrode surface, the temperature rise was 2.9 C. The temperature rise 5 mm above the electrode was 1.8 C, and the rise was 0.4 C at the location 5 mm lateral of the electrode. The background rise was 0.3 C. Similar to material 3, there were temperature fluctuations above the electrode, indicating thermal transport.
The time constant for the temperature increase to reach its saturation value was about 100 s for phantom materials 1 and 2. The fluctuations in the temperature made it difficult to estimate the time constant for material 3. For the saline, the temperature rapidly reached the maximal value; the time constant was less than 10 s.
Figs. 8 and 9 show temperature rise versus time near a 1/8 W resistor. Fig. 8 plots temperature rise versus time for the resistor immersed in the gelled phantom, which has the same PAA concentration as that of material 1. The general shapes of the temperature rise versus time relationships at the resistor surface and 5 mm away resemble those in Figs. 4 and 5 at the electrode surface and 5 mm away. Fig. 9 plots temperature rise versus time for the same conditions as in Fig. 8 , except the resistor is now immersed in saline. The temperature rise versus time relationship at the resistor surface has large fluctuations, with a maximal rise of about 9 C. At a distance of 5 mm from the resistor, the graph is also sporadic, but the maximal rise is about 1 C. At a distance of 7 mm, there is not a discernable temperature rise. The heating due to both the DBS electrode and the small resistor is expected to be localized. To gain an understanding of the expected temperature versus time and temperature versus distance behavior, we assume that all the heat is produced at a point.
For a step of heat applied at a point, the temperature ( ) versus time ( ) relationship as a function of distance ( ) away from the source is (1) In (1), is the thermal diffusivity and is the thermal conductivity. The calculated temperature rises at distances of 1.5, 5, and 10 mm from the center of a point heat source of 200 mW are shown in Fig. 10 . At the distance of 1.5 mm, the temperature rise is about 16 C after 10 min. For the same duration of heating, the temperature rises are approximately 4 C and 2.5 C for distances of 5 and 7 mm, respectively.
IV. DISCUSSION AND CONCLUSIONS
The findings of these experiments demonstrate that the measurement of the MRI-induced temperature changes may be influenced by thermal convection. For sufficiently viscous phantom material (materials 1 and 2), thermal transport was minimal and did not influence the temperature measurements.
Rezai et al. [2] measured MRI-induced temperature rise for neurostimulator systems under a variety of conditions. This investigation used a phantom material equivalent to material 2. Fig. 6(a) in their manuscript includes a plot of temperature versus time at the electrode surface of a neurostimulation system lead similar to that used in this investigation. The plot in (6a) Rezai et al. (2) closely resembles the shape of the plot for the temperature at the electrode in Figs. 4 and 5, except that their temperature rise was 23.2 C after 800 s of MRI-induced heating.
Kainz et al. [3] also measured the RF induced temperature rise for neurostimulators, using saline as the phantom material.
Figs. 3 and 4 in their manuscript show the temperature increase at the electrode surface. Their temperature versus time plots are characterized by a rapid initial rise, followed by a constant temperature, closely matching the characteristics for the temperature changes observed at the electrode experiment in Fig. 7 of this investigation. More than likely, Kainz et al. [3] would have observed a significantly greater temperature increase if a gel-filled phantom were used.
The small resistor is expected to represent a point heat source better than the electrode, since the heat generation is inside the resistor, whereas heat is generated adjacent to the electrode surface. The shape of the temperature rise versus time plots for the resistor in gel Fig. 8 are similar in both shape and amplitude to the calculated plots in Fig. 10 for a 200-mW heat source.
The rapid initial temperature rise for the electrode in phantom materials 1 and 2 demonstrates that the heating is localized for this geometry. The localized nature of the heating is further confirmed by the reduced temperature rise at a distance of 5 mm in Figs. 4 and 5, which are about half of the rise at the electrode surface.
The power dissipated near the electrode can be estimated by comparing the measured temperature versus time in Figs. 4 and 5 with the calculations in Fig. 10 . Accurate quantification is complicated by the fact that there are four electrodes. A rough estimate is that the total power dissipation over the entire electrode assembly is between 0.5 and 1 W.
The phantom measurements do not include blood perfusion, which would likely have an ameliorating affect on the RF-induced temperature rise. [9] Descriptions of some RF phantom materials are provided in [10] - [12] . Reference [13] describes a procedure for measurement of the RF-induced temperature rise.
This study suggests that for experimental measurement of MRI-induced temperature changes for medical implants, the viscosity of the phantom material and the placement of the thermometry probes should be carefully considered. For medical devices that will be in a nonliquid tissue, the phantom material should be gelled or spuriously low temperature rises will be observed.
